PATTERNED FABRIC DEFECT DETECTION USING A MOTIF-BASED APPROACH
INTRODUCTION
Patterned texture with periodic structures can be found in many daily items like wallpapers [1] , ceramics [2] , fabrics [3, 4] , netting, ropes, chains, patterned metals, heated windows and other safety critical materials. It is composed of a fundamental unit called lattice [5] , which exists by design. Usually, a patterned texture is synthesized by applying proper symmetry rules [5] of that lattice. In practice, when a lattice is replicated, various kinds of defects appear due to the manufacturing process. Traditionally, patterned texture after manufacturing is inspected by human, and rejected if the number of defects exceeds a threshold. Not only an automated defect detection system reduces the labor cost, it also ensures a high quality output in industrial automation and safety system. For example, any error of aircraft heated windscreen is fatal so that it is zero-tolerance on defects. This paper used patterned fabric as an example of defect detection for the industrial field. According to mathematicians, all the patterned textures can be classified into 17 wallpaper groups [5] . The patterned texture ( Fig. 1(a) ) in each wallpaper group is characterized by a prominent lattice ( Fig. 1(b) ).
Each lattice is further replicated by its basic component motif ( Fig. 1(c) ).
However, most current fabric defect detection methods are pattern-oriented (non-motif-based), which means they do not rely on the presence of motif and are tested on one type of patterned texture only. The plain and twill fabrics [4] [6, 7] and dot-patterned fabric [8, 9] are commonly analyzed. Moreover, none of the previous methods can claim to be applicable on other patterned textures. Furthermore, they can only classify if an input is defective or not, and fail to identify defects at a lattice or motif level. Hence, a generalized and localized defect detection approach is desirable.
To begin with, we first assume that the lattice extraction model constructed by Liu et. al [10] is used to identify a representative motif in the pattern. It is from this motif that our proposed method is based upon. In essence, energy of moving subtraction and its variance among motifs are calculated and mapped onto an energy-variance (EV) space, from which decisions are made as to whether a motif is defective or not. As all 16 groups of wallpaper can be easily transformed into three categories of motifs, by testing on these three categories, we can argue that all 16 groups can be handled.
The main contributions of the proposed method are:
(1) A generalized motif-based model is proposed for patterned fabric defect detection on 16 out of 17 wallpaper groups without requiring any modifications.
(2) It enables the decision boundaries to be determined through a set of defect-free samples.
(3) At present, the defect detection can be accurate to the level of lattice. The overall detection success rate of the pm, p2, pmm and p4m groups in this paper reach 93.61%, which outperforms the previous methods. This paper is organized as follows. Section II outlines the mathematical principle of proposed motif-based defect detection for patterned fabric. Section III depicts the detection results of pm, p2, pmm and p4m wallpaper groups, respectively. At last, Section IV draws the conclusions for the proposed method.
MATHEMATICAL PRINCIPLE
The details of mathematical definitions and proofs are stated in [11] . For convenience, the key equations are outlined below.
A. Lattice:
A lattice is defined as
B. Motif:
A motif is defined as
is a n m matrix that represents additive defects, and
C. k-norm Metric:
Given any two motifs,
where n m N . The k is set to be 1 in our application for simplicity. The total number of 1-norm metric for r , s u in one lattice is n C 2 , where n is the number of motifs in a lattice. The p1 group is ineligible for k-norm metric definition since it has only one motif.
D. Circular Shift Operation:
Given any n m motif
E. Energy of Moving Subtraction:
With motifs 
F. Variance of Energy of Moving Subtraction:
The variance of energy of moving subtraction, 
G. Formulation of Decision Boundaries:
Given the energy of moving subtraction and its variance, they form a 2D plane and we called it the EV space.
For [11] . If a EV value of a lattice falls inside the boundaries, it is classified as defect-free ( Fig. 2(a) ); otherwise, it is considered as defect-free (Fig. 2(b) ).
In summary, the proposed method contains two phases: phase of decision boundaries formulation on the EV-plane and phase of defect detection.
DETECTION RESULTS OF SEVERAL WALLPAPER GROUPS

Detection Results of pm Group
The bookmark-patterned fabric (Fig. 1 ) of the pm wallpaper group shown in this paper is used for evaluation here. Based on the lattice extraction model of Liu et. al [10] , 100 defectfree and 25 defective lattice (Fig. 3) extracted manually from the fabric. The defective samples include the defects thin bar (Tn), oil stain (Os), thick bar (Tk), knots (Kt) and broken end (Bn). The lattice sample in Fig. 1(d) shows the motif distribution of a pm group. The motif extraction for the bookmark-patterned lattices is based on the vertical axis of the lattice. To formulate the decision boundaries, where there are four altogether, 40 lattices are randomly selected from 100 defect-free lattices, while the remaining 60 lattices and the 25 defective lattices are used for defect detection. There exists Two criteria are applied on this evaluation. First, if a point falls inside the boundaries of the EV-plane, then it is defect-free, else it is defective. Secondly, sensitivity ( ). There are variations in detection results of the defect-free samples because the decision boundaries contract and relax depending on the randomly selected training samples. Table II illustrates the motif shapes for 16 wallpaper groups, parallelogram, rectangle and triangle. All motif shapes can be transformed from irregular motifs to regular ones. Therefore, three wallpaper groups, p2, pmm and p4m groups (Fig. 4) are extracted as representative of each shape for further investigation. Table III depicts the detection results of p2, pmm and p4m from their corresponding databases. Each of them use 40 defect-free lattice samples for formulating the decision boundaries. They are mutually exclusive from samples for defect detection. The detection success rates of p2, pmm 
Detection Results of p2, pmm, p4m Groups
CONCLUSIONS
A generalized motif-based method for patterned fabric defect detection has been presented in this paper, and the pm, p2, pmm, p4m wallpaper groups have been evaluated. The overall defect detection success rate for these 4 groups is 93.61%, which outperforms all previously published approaches. Since p2, pmm, p4m groups are representatives of 3 motif shapes in 16 wallpaper groups, their successful results implies that all remaining wallpaper groups can be handled similarly.
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